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ABSTRACT
The paper reports results of calculations of the magnetic cycle parameters, like the
dynamo cycle period, the amplitude of the total magnetic energy, and the Poynting
flux luminosity from the surface for the dynamo models of solar analogs with rotation
periods of range from 1 to 30 days. The computations were done using the non-
linear mean-field dynamo models. We do simulations both for the kinematic and non-
kinematic dynamo models. The kinematic dynamo models, which take into account
the non-linear α-effect and the loss of the magnetic flux due to magnetic buoyancy,
show a decrease of the magnetic cycle with the decrease of the stellar rotation period.
The stars with the rotational period less than 10 days show the non-stationary long-
term variations of the magnetic activity. The non-kinematic dynamo models take into
account the magnetic field feedback on the large-scale flow and heat transport inside
the convection zone. They show the non-monotonic variation of the dynamo period
with the rotation rate. For the range of periods from 15 to 30 days, the stars with
sub-equipartition dynamo regimes show a similarity to the kinematic dynamo models.
A decrease of the rotation period from 15 to 10 days results in doubling of the dynamo
frequency relative to the frequency of the kinematic dynamo waves. The models for the
rotational periods less than 10 days show the non-stationary evolution with a slight
increase in the primary dynamo period with the increase of the rotation rate. The
non-kinematic models show that the growth of the dynamo generated magnetic flux
with the increase of the rotation rate saturates for the star rotating with period two
days and less. The saturation of the magnetic activity parameters is accompanied by
depression of the differential rotation.
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1 INTRODUCTION
The partially convective stars, like the Sun, often show the
cyclic magnetic activity Baliunas et al. (1995); Oláh et al.
(2009); Olspert et al. (2018). The magnetic activity of the
Sun and solar-type stars demonstrates the large-scale or-
ganization of the active phenomena both in time (cycles)
and in space Donati & Landstreet (2009); See et al. (2016).
It is widely accepted that the nature of the global mag-
netic activity in solar-type stars stems from the turbulent
hydromagnetic dynamo operating in their convection zones.
Parker (1955) suggested the basic dynamo scenario for the
Sun. This scenario suggests the cyclic transformation of the
large-scale poloidal magnetic field into the toroidal magnetic
field and vice versa by means of the differential rotation
and the cyclonic convection motions. Hence, the energy sup-
ply for the dynamo process comes from the energy of the
global rotation and the turbulent energy of the convective
motions. The partially-convective stars with higher rotation
? email: pip@iszf.irk.ru
rates show a higher level of the magnetic activity Noyes et al.
(1984); Baliunas et al. (1995); See et al. (2015).
Noyes et al. (1984) estimated the magnetic cycle pa-
rameters in solar-type stars following the properties of the
eigenmodes of the mean-field dynamo equations. They found
that the linear theory predicts the growing level of the mag-
netic activity and the simultaneous decrease of the magnetic
cycle period with the increase of the rotation rate of a star.
Observations show that the magnitude of the surface latitu-
dinal shear decreases inversely to the increase of the rotation
rate in the solar-type stars Saar (2011). This was found in
the mean-field models as well Kitchatinov & Rüdiger (1999).
Therefore, from the point of view of the linear theory, the dy-
namo efficiency of the differential rotation does not increase
with the increase of the Sun’s rotation rate Kitchatinov &
Olemskoy (2011). On the other hand, the growing level of
the magnetic activity with the increase of the rotation rate
can be explained by the growing effect of the Coriolis force
acting on the convective flows. In the stratified convection
zone, this force results in the so-called α -effect Krause &
Rädler (1980). This may explain why the Rossby number
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Ro = Prot/τc is often a good parameter to trace the level
of the magnetic activity and cycle’s parameters in the stars
with the partial convection zone Noyes et al. (1984); Baliu-
nas et al. (1995); Olspert et al. (2018).
Our main goal is to extend our previous study (see,
Pipin (2015); Pipin & Kosovichev (2016)) for the higher ro-
tation rates employing the non-kinematic dynamo model,
which was developed recently by Pipin & Kosovichev (2019).
The model takes into account the magnetic activity effect
on the large-scale flow and heat transport in the convection
zone. The latter effect seems to results in the so-called “ex-
tended cycle” of the solar torsional oscillations Ulrich (2001).
The rotational and magnetic anisotropy of the convective
heat transport is rather important for the large-scale flow
organization in the stellar convection zone (see, e.g., Busse
(1983); Kitchatinov & Rüdiger (1999); Simitev & Busse
(2009); Käpylä et al. (2011); Gastine et al. (2012)). The re-
cent global convection simulations of Strugarek et al. (2017);
Warnecke (2018); Guerrero et al. (2019) show the variations
of the large-scale flow organization with the rotation rate. In-
terestingly, that models of Warnecke (2018) show that vari-
ations of the large-scale flow organization are accompanied
by the non-monotonic variations of the dynamo period with
an increase of the rotation rate. This indeed was found by
Lehtinen et al. (2016) in observations of the young solar-type
stars. These works encourage us to try the non-kinematic
mean-field dynamo models for the range of the rotational
periods from 1 to 30 days. For the sake of simplicity, we use
the reference state of the model which reproduces the one
cell per hemisphere case. This type of meridional circulation
structure is popular in solar dynamo studies Charbonneau
(2011). Also, we do not take into account the evolutionary
changes of the stellar structure accepting the solar interior
model of the modern Sun. The next chapter describes some
details of our dynamo model.
2 MODEL
We use the non-kinematic dynamo model developed by
(Pipin & Kosovichev 2019, hereafter PK19). The model is
based on the mean-field induction equation Krause & Rädler
(1980):
∂tB =∇×
(E +U×B), (1)
where the induction vector of the LSMF, B, is represented
as the sum of the toroidal and poloidal components:
B = φˆB +∇× Aφˆ
r sin θ
,
where r is the radial distance, θ is the polar angle, φˆ is the
unit vector in the azimuthal direction. The mean electro-
motive force E describes the turbulent generation effects,
pumping, and diffusion:
Ei = (αij + γij)Bj − ηijk∇jBk. (2)
where the symmetric tensor αij stands for the turbulent gen-
eration of the LSMF by kinetic and magnetic helicities; the
antisymmetric tensor γij describes the turbulent pumping
effect including the mean-field magnetic buoyancy Kitchati-
nov & Pipin (1993); the anisotropic (in the general case)
tensor ηijk is the eddy diffusivity of the LSMF Pipin (2018).
We employ the α-effect tensor, in the following form:
αij = Cαψα(β)α
(H)
ij + α
(M)
ij ψα(β)
χτc
4piρ`2
, (3)
α
(H)
ij - hydrodynamic part of the α-effect tensor; χ = a · b
is the magnetic helicity density (a and b are the turbulent
parts of the magnetic vector potential and magnetic field
vector), and tensor α(M)ij takes into account the effect of
the Coriolis force. Function ψα(β) stands for the “algebraic”
saturation of the α- effect caused by the small-scale Lorentz
force which opposes convective motions across the field lines
of the LSMF, where, β =
∣∣B∣∣ /√4piρu2c . For strong LSMF,
when β  1, ψα(β) ∼ β−3. A detailed description of α(H)ij ,
α
(M)
ij and ψα(β) is given by Pipin (2018). The magnetic
helicity evolution follows the conservation law:
∂χ(tot)
∂t
= − χ
Rmτc
− 2ηB · J−∇·F− (U ·∇)χ(tot) (4)
where
χ(tot) = A ·B = A ·B+ a · b, (5)
B = ∇ × A, A is the LSMF vector potential; Rm is the
magnetic Reynolds number, (we put Rm = 106). We assume
that the eddy diffusivity of the magnetic helicity is isotropic
and that the diffusive helicity flux F = −ηχ∇χ, where ηχ =
0.1ηT Mitra et al. (2010).
The large-scale flow,U = Um+r sin θΩ (r, θ) φˆ includes
effect of the differential rotation, Ω (r, θ) and the meridional
circulation, Um. These parameters are governed by the an-
gular momentum conservation:
∂
∂t
ρr2 sin2 θΩ = −∇·
(
r sin θρ
(
Tˆφ + r sin θΩU
m
))
(6)
+ ∇·
(
r sin θ
BBφ
4pi
)
,
and by equation for the azimuthal component of large-scale
vorticity, ω =
(∇×Um)
φ
:
∂ω
∂t
= r sin θ∇ ·
(
φˆ×∇·ρTˆ
rρ sin θ
− U
m
ω
r sin θ
)
(7)
+ r sin θ
∂Ω2
∂z
− g
cpr
∂s
∂θ
+
1
4piρ
(
B·∇) (∇×B)
φ
− 1
4piρ
((∇×B) ·∇)Bφ,
where Tˆ is the turbulent stress tensor:
Tˆij =
(
〈uiuj〉 − 1
4piρ
(
〈bibj〉 − 1
2
δij
〈
b2
〉))
, (8)
(see detailed description in PK19). Also, ρ is the mean den-
sity, s is the mean entropy; ∂/∂z = cos θ∂/∂r− sin θ/r · ∂/∂θ
is the gradient along the axis of rotation. The mean heat
transport equation determines the mean entropy variations
from the reference state due to the generation and dissi-
pation of LSMF and large-scale flows Pipin & Kitchatinov
(2000):
ρT
(
∂s
∂t
+
(
U ·∇) s) = −∇·(Fc + Fr)−Tˆij ∂U i
∂rj
−E·(∇×B) ,
(9)
where T is the mean temperature, Fr is the radiative heat
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flux, Fc is the anisotropic convective flux. An analytical
mean-field expression for Fc takes into account the effect of
the Coriolis force, and the influence of the LSMF on the tur-
bulent convection (see, PK19). The last two terms in Eq (9)
take into account the convective energy gain and sink caused
by the generation and dissipation of LSMF and large-scale
flows. The kinetic coefficients in the mean-field analytical
expressions of the mean electromotive force, E , and the
turbulent stress tensor Tˆ, depend on profiles of the turbu-
lent parameters of the convection zone, such as the typical
convective turnover time, τc, and the convective RMS ve-
locity, uc. The reference profiles of mean thermodynamic
parameters, such as entropy, density, and temperature are
determined from the stellar interior model MESA Paxton
et al. (2011, 2013). The convective RMS velocity is deter-
mined from the mixing-length approximation,
uc =
`c
2
√
− g
2cp
∂s
∂r
, (10)
where `c = αMLTHp is the mixing length, αMLT = 1.9 is
the mixing length parameter, and Hp is the pressure height
scale. We determine the convective turnover time τc = `c/uc
from the parameters of the MESA code output. We assume
that τc does not depend on the magnetic field and global
flows. Eq. (10) determines the reference profiles for the eddy
heat conductivity, χT , eddy viscosity, νT , and eddy diffusiv-
ity, ηT , as follows,
χT =
`2
6
√
− g
2cp
∂s
∂r
, (11)
νT = PrTχT , (12)
ηT = PmTνT. (13)
The model gives the best agreement of the angular velocity
profile with helioseismology results for PrT = 3/4 (PK19).
Also, the dynamo model reproduces the solar magnetic cycle
period, ∼ 22 years, if PmT = 10. For the solar case we use
the period of rotation of solar tachocline determined from
helioseismology, Ω0/2pi=430 nHz Kosovichev et al. (1997),
which corresponds to the sidereal period of about Prot = 25
days.
2.1 Boundary conditions and tachocline
The position of the top boundary is rtop = 0.99R, the
bottom of the convection zone is fixed to rb = 0.728R
, and the bottom of the tachocline is rta = 0.68R. At
the r = rta we put the solid body rotation and the per-
fect conductor boundary conditions. We do not solve the
heat transport equation for the tachocline region. Instead,
we assume that within tachocline all turbulent coefficients
(except the eddy viscosity and eddy diffusivity) decrease fac-
tor of exp (−100z/R), where z is the distance from the bot-
tom of the convection zone. We restrict the decrease of the
eddy viscosity and eddy diffusivity by one order of mag-
nitude for the numerical stability. At the top, r = rtopwe
employ the stress-free boundary condition for the angular
momentum problem. For the heat transport at the bottom
of the convection zone, rb = 0.728R , we put the total
flux Fconvr + Fradr =
L? (rb)
4pir2b
and for the external boundary,
in following to Kitchatinov & Olemskoy (2011) , we use
Fr =
L?
4pir2top
(
1 +
(
s
cp
))4
. (14)
The relative variations of the radiation flux are
δFr
F
=
(
1 +
(
s
cp
))4
. (15)
Following ideas of Moss & Brandenburg (1992) and
Pipin & Kosovichev (2011), we formulate the top boundary
condition in the form that allows penetration of the toroidal
magnetic field to the surface:
δ
ηT
rtop
B
(
1 +
( |B|
Besq
))
+ (1− δ) Eθ = 0, (16)
where rtop = 0.99R, and parameter δ = 0.99 and Besq =
50G. The magnetic field potential outside the domain is
A(vac) (r, µ) =
∑
an
(rtop
r
)n√
1− µ2P 1n (µ) , (17)
where µ = cos θ. The boundary conditions Eq(16) provide
the Poynting flux luminosity of the magnetic energy out of
the convection zone:
LP = −1
2
∫ 1
−1
EθBφdµ (18)
=
1
2
(
δ
1− δ
)
ηT
rtop
∫ 1
−1
B2
(
1 +
( |B|
Besq
))
dµ.
Also, we will consider the following integral parameters of
the models, the total toroidal magnetic flux in the convection
zone:
FT = 2pi
∫ 1
−1
∫ rtop
rb
∣∣Bφ∣∣ sin θr2drdµ,
the total toroidal magnetic flux in subsurface layer
FS = 2pi
∫ 1
−1
∫ rtop
rs
∣∣Bφ∣∣ sin θr2drdµ,
where rs = 0.89R.
We define the parameters characterizing the energy of
the symmetric and antisymmetric parts of the subsurface
toroidal magnetic field:
E
S
B =
1
4
∫ 1
−1
[
Bφ (µ, t) +Bφ (−µ, t)
]2
dµ,
E
N
B =
1
4
∫ 1
−1
[
Bφ (µ, t)−Bφ (−µ, t)
]2
dµ.
Then, the parity index, or the reflection symmetry index for
this component of the magnetic activity is
PB =
E
S
B − ENB
E
S
B + E
N
B
. (19)
2.2 Turbulence parameters and reference models
of the large-scale flow
In this paper, we use the same reference convection zone
model for all solar analogs rotating with periods from 1 to
30 days. Figure 1a) shows the radial profiles of the Rossby
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Figure 1. a)The radial profiles of the Rossby number, the line
Ro∗ marks the values of the global parameter for each star
(see, the text); the radiad profiles for the isotropic eddy viscos-
ity, νT (black line), the total eddy diffusivity, the isotropic and
anisotropic parts, ηT + η‖, (red line) and the anisotropic eddy
diffusivity induced by rotation, η‖, (blue line); solid lines for the
model M25d and the dashed lines for the model M2; c) the same
as b) for the hydrodynamic part of the α-effect tensor, Cαα
(H)
ij , at
45◦ latitude; d) the radial profiles for the equipartition strength
of the large-scale magnetic field, the model M25 - solid line and
the model M2 - dashed line.
number for each model. Following Castro et al. (2014) we de-
fine the stellar Rossby number, Ro∗ = Prot/τc, using value
of τc at the distance of one pressure height scale above the
bottom of the convection zone. We find that for the Sun ro-
tating with period of 25 days Ro∗ ≈1.4 which agrees roughly
with the above-cited paper. Figures 1 b) and c) show the ra-
dial profiles of the eddy viscosity, eddy diffusivity, and the
kinetic α -effect tensor for the models of the star rotating
with the period of 25 and 2 days. Note, that we use the same
α-effect parameter, Cα = 0.04 as in the paper PK19. We see
that effect of rotation results in quenching of the eddy viscos-
ity and the eddy diffusivity coefficients in the main part of
the convection zone Kitchatinov et al. (1994). This quench-
ing is, to some extend, compensated by the effect of rotation
on the mean entropy profiles. Solution of the heat transport
equation for the rotating star shows that the higher rota-
tion rate, the stepper radial profile of the mean entropy. In
following the mixing length theory this results to increase of
the convective RMS velocity (see, the Eq10). Therefore we
find that the strength of the equipartition magnetic field in
the model M2 is about factor 2 higher than in the model
M25. Note, the stepper radial profile of the mean entropy
in case of the star rotating with period 2d results into the
higher amplitude of the α -effect in comparison with the
solar case.
The angular velocity profiles for the kinematic versions
of the model are illustrated in Figure 2. The model of the
differential rotation for the star rotating with a period of
25 days is the same as reported in PK19. The angular ve-
locity profile in this model agrees well with helioseismology
data. A more detailed discussion about mechanisms generat-
ing the large-scale flow can be found in Pipin & Kosovichev
(2018) (also see, Kitchatinov & Rüdiger (1999, 2005)). For
the star rotating with a period of 1 day, the angular velocity
profile gets close to the cylinder. This is in agreement with
the results of Kitchatinov & Olemskoy (2011). Note, that
the differential rotation is concentrated on the equator. In
the model M2, the meridional circulation in the depth of the
convection zone is suppressed. The poleward circulation is
concentrated on the surface. For the star rotating with the
period more than 5 days the rotational profile is close to the
modern Sun, except the magnitude of the differential rota-
tion is different. Later we will discuss relationships between
the magnitudes of the large-scale flows and the rotational
and magnetic parameters of the star.
3 RESULTS
3.1 Kinematic models
As the first step, we discuss the results for the kinematic
models with the nonlinear α and magnetic buoyancy effects.
For the given parameters of the α -effect and the angular
velocity profile the star with the rotation period of 30 days
is slightly above the large-scale dynamo instability thresh-
old. The Table1 lists the integral parameters for the kine-
matic dynamo models. Our results are in general agreement
with the results of the previous paper Pipin (2015). The
models show a decrease in the dynamo period with an in-
crease in the rotation rate. Figure 3 shows the time-latitude
diagrams for the large-scale toroidal magnetic field evolu-
tion at r=0.9R in the kinematic models. The models with
the period of rotation longer than 10 days show the solar-
like butterfly diagrams. The star rotating with a period of
10 days shows rather weak migrating dynamo ways of the
quadrupole parity. In this model, we see the first signs of
different directions of the dynamo waves propagation at the
high and low latitudes. The high latitudes show the equa-
torward propagation of the dynamo waves and the poleward
propagation is at the solar equator. This property becomes
very clear in the case of the M8, M5, M2, and M1 models.
All those models show a mix of the magnetic parity modes
and different systems of the dynamo waves at the high and
low latitudes. The complicated dynamo wave patterns in
these models result in identification of the multiple dynamo
periods, see Table1. We deduce the dynamo periods using
the time-latitude diagrams of the toroidal magnetic field in
subsurface layer r=0.9R, the variations of the toroidal mag-
netic field flux, FS , and the Poynting flux luminosity, LP . To
identify the dynamo periods we employ the standard wavelet
package of the SCIPY distribution (www.scipy.org). All those
parameters indicate the unique dynamo period for the mod-
els in the range of the rotational periods from 15 to 30 days.
The models for the rotational period of less than 15 start
to show the long-term variations. The different dynamo pa-
rameters show the different sets of periodic variations. For
the long period, we choose the minimal value which is found
both in the FS and LP and in the time-latitude diagrams.
Also, the models for the fast rotating star, M1, M2 and M5,
show the short-term periodicity of the LP parameter. Its
period is about twice less of the main dynamo period.
In general, the found dynamo waves patterns are in
agreement with the prediction of the Parker-Yoshimura rule
Yoshimura (1975). For the fast rotating stars, the range of
MNRAS 000, 000–000 (0000)
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5d 25d1.4d
Figure 2. The angular velocity (top) and meridional circulation at 45◦(bottom) profiles for the star rotating with period: a) 2 days; b)5
days c)25 days.
Table 1. The integral parameters of the kinematic dynamo models. Prot is period of stellar rotation; Ro∗ - estimation of the Rossby
number, FT is the magnitude of the total magnetic flux in the convection zone; FS is the magnitude of the magnetic flux in subsurface
layer, r = 0.89 − 0.99R; BT /BP is the ratio between the strength of the toroidal and poloidal magnetic field in the model; βmax is
maximum β =
∣∣B∣∣ /√4piρu2c and its cycle variations; Pcyc stands for the dynamo periods found for in the model, the bold face font mark
the primary period of the near surface toroidal magnetic field dynamo waves.
Model Prot,
day
Ro∗ FT ,[MX]
1024
FS ,[MX]
1024
BT /BP βmax Pcyc,
year
M1 1.38 0.08 20±1 10±0.1 1000-1650 2.3 1.3/2.11/9.2
M2 2.08 0.12 12±1 7±0.1 1000-1650 1.7 1.7/2.7/5.2/25.4
M5 5 0.29 7±0.5 4±0.15 450-1100 1.05 1.36/2.43/24.4
M8 7.9 0.29 3.9±0.3 1.7±0.2 270-800 0.63 4.86/7.8/19.9
M10 10 0.59 3.3±0.5 1.4±0.4 200-500 0.55 6.21/10.8/22.6
M15 15 0.88 2.3±0.2 0.8±0.2 240-400 0.36 8.95
M20 20 1.17 1.6±0.1 0.6±0.2 210-400 0.24 10.3
M25 25 1.46 1±0.1 0.35±0.15 185-350 0.16 11.3
M30 30 1.98 0.5±0.02 0.1±0.02 100-300 0.03 12.9
latitudes with poleward migration of the dynamo waves cor-
responds to the extension of the equatorial super-rotation
region. This region shows the cylinder-like angular velocity
profiles. The subsurface shear layer in these models is shal-
lower than for the slow rotating cases. On the other hand,
the polar regions show the angular velocity profiles which
are close to radial. This results in equatorward dynamo wave
propagation. We find that the strength of the toroidal mag-
netic field increase with the increase of the rotation rate.
Figure 4 shows variations of the integral parameters of
the magnetic activity in the kinematic dynamo models. In
the kinematic dynamo models, the decrease of the rotation
period from 30 to 1-day results into an increase of the dy-
namo generated toroidal magnetic field flux by two orders
of magnitude. We compute the mean helicity density of the
large-scale magnetic field in the model and the magnetic
energy radiated off the star. The results are shown in Fig-
ures 4 c) and d). We find that our estimations of the mean
helicity density are in agreement with the results of observa-
tions Lund et al. (2020). We postpone their analysis for the
next subsections. The magnitude of the radiated magnetic
energy increase from 10−7 of the solar luminosity to 10−4.
The Poynting flux provides the energy input to the stellar
corona. Our values can be used as an estimation of energy
source for the magnetic cycle variation of the stellar X-ray
luminosity. The solar observations show that variations in
the X-ray background flux are the order of 10−6 Winter &
Balasubramaniam (2014). Therefore, the estimation of the
magnetic luminosity of the model M25 is enough to explain
MNRAS 000, 000–000 (0000)
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Figure 3. The time-latitude diagrams for the near surface (r=0.9R) toroidal magnetic fields for the kinematic dynamo models.
the solar soft X-ray luminosity variations. We find that the
models M1 and M2 show the saturation for this parameter.
3.2 Non-kinematic dynamo models
Table 2 lists the integral parameters of the non-kinematic
dynamo models. The non-kinematic models M25dn, M20dn,
and M15dn hold the qualitative properties of the magnetic
field evolution the same as their kinematic versions. The pat-
terns of the torsional oscillations and meridional circulation
variations are qualitatively similar to the results of Pipin &
Kosovichev (2019). The maximum magnetic field strength in
these models is below half of the equipartition value. Figure
5 shows an example of the solar-type time-latitude diagram
of the near-surface toroidal magnetic field for the model
M15n. The dynamo period in this model is slightly longer
than for the kinematic case. The same is found for the mod-
els M20n and M25n. Variations of the magnetic activity and
the large-scale flow result in variations of the surface radia-
tion flux. The models M20n and M25n show which results
are qualitatively similar to Pipin (2004) and Pipin (2018)
and we do not illustrate it here. It is found that the radia-
tion flux is suppressed during the maximum of the magnetic
cycle. This is due to the magnetic quenching of the convec-
tive heat flux. The period after a maximum of the magnetic
cycle shows the relative increase of the radiation flux. The
model M15n shows a small magnitude of radiation flux vari-
ations. It is an order of 10−5 and it is much less than that
found in the solar observations. In the model M15n, we find
that duration of the relatively high radiation flux is longer
than the duration of the suppressed period.
The results for the model M10n are drastically different
from the kinematic case. The non-kinematic model shows
only the equatorward propagating dynamo waves. Their fre-
quency is as twice as high in comparison to the model M10.
The magnitude of the radiation flux variations in the time-
latitude diagrams of the model M10n is a little higher than in
the model M15n. We investigated the origin of the change
of the magnetic butterfly diagrams in the model M10n in
some details. We made additional runs where we alternately
switched off the magnetic effects on the turbulent stresses
tensor, Tˆ , the large-scale Lorentz force, and the magnetic ef-
fects on the mean heat transport. Surprisingly, we find that
despite the difference in the large-scale flow dynamics, these
runs show the evolution of the large-scale magnetic fields
which is similar to that in the fully nonlinear case M10n, see
Figure 5. Further, we made another run where we employ
MNRAS 000, 000–000 (0000)
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Figure 4. a) The total toroidal magnetic field flux generated in the star for the different rotational periods; b) the same as a) for the
total magnetic energy in the subsurface layer r = 0.89 − 0.99R; c) the mean helicity density of the large-scale magnetic field at the
surface; d) the total magnetic energy luminosity at the surface.
Table 2. The integral parameters of the non-kinematic dynamo models. Here, ∆Ω/Ω is the relative variation of the latitudinal shear;
±δUφ - magnitude of the torsional oscillations, ±δUθ - magnitude of the meridional flow variations; the other parameters are the same
as in the Table 1.
Model ∆Ω/Ω,
10−2
±δUφ,
m/s
±δUθ,
m/s
FT ,[MX]
1024
FS ,[MX]
1024
BT /BP βmax Pcyc,
year
M1n 0.1±1.1 184.0 3.25 35.4±4 20.4±4. 1184±219 1.91 3.6/8.4/15.1
M2n -0.1±0.8 148.3 3.86 29±7 16±4.3 1225±371 1.75 4.3/8.5/19.1
M5n 3.6±1.1 54.2 5.92 7.8±1.1 3.9±0.8 245±94 1.01 2.7/4.6/19.1
M8n 7.6±1.3 26.9 4.7 4.2±0.5 1.7±0.4 234±82 0.63 4.7/8.9
M10n 9.±0.8 12.1 4.1 3±0.01 0.9±0.001 806±11 0.41 2.72
M15n 15.5±0.52 7.5 2.3 1.95±0.2 0.8±0.15 328±42 0.35 9.5
M20n 21.2±0.22 5.4 1.2 1.5±0.1 0.6±0.1 321±67 0.28 10.5
M25n 25.7±0.20 3.3 0.6 1.4±0.1 0.37±0.15 301±75 0.21 11.7
M30n 31±0.05 0.3 0.1 0.5±0.01 0.1±0.01 238±90 0.09 12.8
the angular and meridional velocity profiles from the non-
kinematic runs and found that the corresponding kinematic
model shows the short periodic dynamo wave patterns sim-
ilar to that shown in Figure 5. It seems that our model for
the star rotating with a period of 10 days shows a marginal
state of the dynamo solution, which can be easily perturbed
by a variation of the large-scale flow distribution.
Model M7n shows similar changes as the model M10n.
This model shows the non-stationary variations of the dy-
namo cycle. There are long and high cycles of a period of
about 9 years and short cycles of a period of about 4.5 years.
The model shows an asymmetric development of the mag-
netic activity in the North and South hemisphere. Another
interesting phenomenon is the visible dominance of the long-
term increase in radiation flux in the time-latitude diagrams.
In the integral balance, this increase is compensated by the
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deep suppresses of the radiation flux from time to time. The
periods of the radiation flux increase corresponds to the de-
crease of the magnetic activity level.
The equatorward propagating dynamo waves are found
in models M1n, M2n, and M5n, as well. However, the dy-
namo period in these models is longer than in the kinematic
case. Figure 6 shows results for these models. The model
M5n shows the qualitatively similar evolution as the model
M8n. The models M1n and M2n show the longer dynamo
periods than the models M5n and M8n. These models show
the long-term suppression of the radiation flux because pe-
riods of high magnetic activity dominate.
For the range of the rotational periods from 1 to 10
days, we find that the major effect of the dynamo on the
large-scale flow is the multi-cell meridional circulation. The
model M10n is at the boundary of nonlinear bifurcation of
one meridional cell into a multi meridional cell convection
zone. Figure 7 shows the typical snapshots of the magnetic
field distributions, the mean large-scale flows, and the α ef-
fect profiles in the set of the non-kinematic dynamo models.
In our previous paper, we found that the magnetic effects
on heat transport can produce variations of the azimuthal
flow and meridional circulation. When the magnetic field
strength is much less the equipartition value, the magnetic
effect on convection is not strong. In this case, variations of
the large-scale flow about the reference state are relatively
small. For the case of weak magnetic activity, the reference
profiles of the large-scale flow are determined by the effect
of the Coriolis force on convection. Effect of rotation on the
convective heat transport results in the difference between
the temperature at the stellar equator and pole. For quali-
tative analysis, it is useful to see the magnitude of the con-
vective velocity RMS variations due to the large-scale dy-
namo. We compute the relative deviations of the convective
RMS velocity for each model. These deviations are calcu-
lated from the mixing-length expression Eq(10). For the ref-
erence state, we use the averaged over latitude profile of the
mean entropy. The average is done for each snapshot. The
results are illustrated in the third row of Figure 7.
In the model M25n, the magnetic perturbations of con-
vection flux are small. In this case, the relative deviations
of the convective velocity RMS are determined by the effect
of the Coriolis force. Convection in the polar regions is sup-
pressed relative to the equator. The effect is strong near the
bottom of the convection zone and it is quenched toward the
surface. So the temperature inhomogeneity is rather small at
the solar surface Beckers (1960); Miesch et al. (2008); Teplit-
skaya et al. (2015). The models for the rotation periods from
1 to 10 days show the stronger latitudinal contrast for the
convective velocity RMS variations than the model M25n.
These stars have a higher rotation rate and the stronger ef-
fect of the Coriolis force than the solar case. We find that the
increase of the magnetic activity results in an increase of the
inhomogeneity of the convective velocity RMS variations, es-
pecially, in the near-equatorial region. In the model M10n,
there is a weak meridional cell of opposite sign at the bot-
tom of the convection zone. Besides, the main anticlockwise
(in the North) cell is divided for two cell. It has two center-
type stationary points and one saddle-type stationary point.
The same is found for the models M8n and M5n. In these
models, the location of the saddle-type stationary point cor-
responds to the local maximum of the convective velocity
RMS variations. In the models M2n and M1n, the bottom
clockwise cell (in the North) become dominant. These runs
show a strong depression of the differential rotation in the
main part of the convection zone.
The non-kinematic models M1n, M2n, and M5n show
the high magnetic activity with the mean strength of the
large-scale magnetic field exceeding the equipartition value,
β ≥1. There are about 4 activity nests of the toroidal mag-
netic field in each hemisphere. The strong magnetic field
results in a high deviation of the mean entropy distribution
from the pure hydrodynamic state. From Figure 7 we find
that the maxims of the convective velocity RMS variations
are located in the upper part of the convection zone. The
differential rotation in these models is weak. The averaged
angular velocity profile shows an accelerated rotation regions
in the polar caps. This seems for the first time to be found in
the mean-field dynamo models (cf, Kitchatinov & Rüdiger
(1999)). In the model M2n, the mean circulation structure
in the main part of the convection zone is opposite to the
solar case, i.e., the main circulation cell is clockwise. Near
the surface, there is a weak anti-clockwise circulation cell.
The mean α-effect is, in general, positive for all models.
The models M1n and M2n show inversion of the α-effect
in the near-equatorial regions. This inversion is due to the
magnetic helicity conservation Pipin et al. (2013). The dis-
tributions of the α-effect, the angular velocity profiles to-
gether with the meridional circulation provide the equator-
ward propagation of the dynamo waves in the upper part of
the convection zone. Figure 8 illustrates the radial profiles of
the angular velocity profiles in the non-linear dynamo mod-
els. It is found that at high and mid-latitudes the levels of
the equal angular velocity decline toward the equator.
Figure 9 shows variations of the integral parameters for
the non-kinematic dynamo models. It is found that the mag-
nitude of the magnetic activity in the models for the star’s
rotation period in the range of 10 to 25 days is decreased in
comparison with the kinematic case. This result is in agree-
ment with our previous calculations Pipin (2015); Pipin &
Kosovichev (2016). Surprisingly, the non-kinematic models
for the stars rotating with periods of 1, 2, and 5 days show
the higher activity level than their kinematic analogs. This
is due to a considerable reorganization of the large-scale flow
in these models. Moreover the models M1dn and M2dn have
a week anti-solar differential rotation in the depth part of
the convection zone. The kinematic theory predicts the anti-
solar differential rotation for the slow rotating stars, which
have a high Rossby number Kitchatinov & Ruediger (1995);
Käpylä et al. (2011); Guerrero et al. (2013); Gastine et al.
(2014); Brandenburg (2018); Rüdiger et al. (2019). On the
other hand, Kitchatinov & Rüdiger (2004) showed that anti-
solar differential rotation can be generated by means of the
magnetically induced anisotropy of the heat-transport in-
side the convection zone. Variations of the magnetic activity
parameters in the models for the rotational periods 8 and
fewer days are non-stationary. We find that in these mod-
els the magnetic cycle is well seen in the butterfly diagrams
of the toroidal magnetic field and in the integral param-
eters of the magnetic activity including the Poynting flux
luminosity and the radiation flux variations. In variations
of the total magnetic flux, the short cycles can disappear
from time to time. Besides, this situation happens in the
time series of the unsigned magnetic flux in the subsurface
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dynamo models M15n, M10n and M8n. The bottom show the same for the relative variation of the radiation flux δFr
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Figure 6. The same as Figure 5 for models models M5n, M2n and M1n.
layer r = 0.89−0.99R. Such periods are characterized by the
change of the magnetic parity. The strong parity variations
can cause the variability of the primary cycle length as well.
Figure 10 shows the evolution of the parity symmetry
about the solar equator in the non-kinematic dynamo mod-
els. The models for the rotational periods from 15 to 30 days
show PB ≈ −1, which means that the antisymmetric about
the equator toroidal magnetic field dominates. The models
for the range of periods from 1 to 8 days show the long-term
variations of the PB from dipole to quadrupole type sym-
metry and back. The model M10n shows PB ≈ 0. We see
that despite time-latitude variations of the toroidal magnetic
field, this model shows no variations of the integral parame-
ters FT , FS and it shows a small magnitude variation of the
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Figure 7. The first row shows snapshots of the toroidal magnetic field distribution (color image) and streamlines of the poloidal
magnetic field for the non-kinematic dynamo models; the second row shows the mean over one magnetic cycle cycle the angular velocity
distributions and streamlines of the meridional circulation; the third row shows the same for the convective RMS perturbation, where
the reference RMS is calculated by averaging over latitudes; the bottom row show the same for the mean α-effect profiles at the latitudes
30◦ and 60◦.
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Figure 8. The mean radial angular velocity profiles in the non-
kinematic dynamo models at the latitudes 0◦, 30◦ and 60◦.
mean large-scale magnetic helicity density and the Poynting
flux luminosity. The mean values of the integral parameters
are slightly less than in the kinematic model M10.
3.3 Rotation-activity relations
The stellar rotation - magnetic activity relations are often
considered as a major argument in favor of the turbulent dy-
namo action in convection zones of the late type stars Noyes
et al. (1984); Baliunas et al. (1995). Figure 11a) shows the
dependence of the magnitude of the total magnetic flux gen-
erated in the convection zone on the Rossby number. We find
that the studied interval of rotation rates includes both sat-
uration regimes. The star with the rotation period of 30 days
shows a considerable drop in the generated magnetic flux in
comparison with the solar case. At the opposite end, for the
case of the small Rossby number we see a sign of plateau,
which is characterized by an increase in the magnetic energy
variability. This result is in agreement with observations of
Noyes et al. (1984); Vidotto et al. (2014); See et al. (2015)
From point of view of observations our simulations touch the
low boundary of the dynamo saturation regime at the small
Rossby number. Similarly, such a plateau is found for the
magnitudes of the Poynting flux and the variations of the
heat flux. The Poynting flux describes the magnetic energy
input in the outer atmosphere of the star. Following Kleeorin
et al. (1995); Blackman & Thomas (2015), the magnitude of
the flux can serve as estimation of the X-ray radiation of
the stellar corona. Wright & Drake (2016) found the satura-
tion of the X-ray luminosity occurs at Ro~0.1. This roughly
agrees with the results shown in Figure 11b). Still, our con-
clusions are preliminary because we have only two models
that are in the saturation regime. These models show that
the magnitude of the relative latitudinal shear varies with
STD level σ ≈ 1 (Figure 11c)). The branch of models be-
low the saturation regime shows relation ∆Ω/Ω ∼ Ro−1.16,
which is in agreement with observations Barnes et al. (2005);
Saar (2011) and expectations of the linear mean-field theory
Kitchatinov & Rüdiger (1999).
Figure 11d shows relations between the magnitude of
the large-scale magnetic helicity density and the Rossby
number. Our results agree with the recent survey of Lund
et al. (2020). Note, that a considerable set of stars from
their survey are stars with mass low than the Sun and they
can operate another type of the large-scale dynamo. Simi-
larly to the above-cited paper, we looked at relations of the
mean squares of the large-scale poloidal and toroidal mag-
netic fields on the surface with the magnitude of the mean
large-scale helicity density,
∣∣〈A ·B〉∣∣ ∝ 〈B2〉α. They are
shown in Figure 12. We find that our set of models is in
satisfactory agreement with observations. It is found that
restricting the
〈
A ·B〉 by the low ` ≤ 4, where ` is the order
of the spherical harmonic decomposition, do not affect much
the results for the coefficient α. The dependence of
〈
A ·B〉
on the magnitude of the toroidal magnetic field seems to
show two distinct branches. The stars with the rotational
periods form 10 to 30 days show the power law in agreement
with the results of Lund et al. (2020). In comparison with
that paper, our definition of the large-scale helicity density
involve only the mean magnetic field components and vec-
tor potential. In the general case, in particular, when there
is a considerable non-axisymmetric magnetic field, we can
expect that
〈
A ·B〉 6= 〈A ·B〉. This study should be ex-
tended further including the effects of the nonaxisymmetric
magnetic fields.
We use the wavelet analysis to identify the dynamo pe-
riods. For the time series, we use both the time-latitude di-
agrams of the toroidal magnetic field and the radiation flux
variations. We also studied the time-series of the integral
parameters including the total magnetic flux, the Poynting
flux luminosity, and the total irradiance variation. For the
rotation periods longer than 10 days all parameters give a
unique value for the dynamo period that corresponds to the
period of the near-surface dynamo waves of the large-scale
toroidal magnetic field. For the sample of the fast rotating
stars, the time-latitude diagrams of the toroidal magnetic
field give the most accurate estimation of the main dynamo
period. The series of the Poynting flux luminosity and ir-
radiance variations can give twice shorter dynamo periods,
(cf., e.g. Fig5 and 6)). Also, the series of the models for ro-
tational periods 8 and fewer days are non-stationary. There
we find the long periods in their dynamo patterns. We check
the long periods on the all integral parameters we have.
Figure13 compares results of a sample of F- and G-stars
of Brandenburg et al. (2017), the young solar-type stars of
Lehtinen et al. (2016), and different dynamo models for a re-
lation of the dynamo cycle period on stellar rotation period
and the reverse Rossby number. The latter is also called the
Coriolis number. The earlier results of Saar & Brandenburg
(1999) and Böhm-Vitense (2007) suggested that the decrease
of the dynamo period with the increase of the rotation rate
can have different branches which is attributed to the “ac-
tive” and “quiet” states of the stellar magnetic activity. Their
results were further refined by Brandenburg et al. (2017) and
other studies Oláh et al. (2009) and Olspert et al. (2018).
The latter two and the survey of Lehtinen et al. (2016) did
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Figure 9. The same as Figure 4 for the non-kinematic dynamo models.
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Figure 10. The magnetic parity parameter in the non-kinematic
dynamo models. The line notation is the same as in Figure 9.
not show the clear division on the quiet and active branches.
The set of the dynamo models which we use for comparison
with observations includes the quasi-non-kinematic dynamo
models of Pipin (2015), one kinematic dynamo model from
results of Pipin & Kosovichev (2016), the results of global
convection simulations of solar-like stars of Warnecke (2018)
(we remove one extreme case from his set) and sets of the
kinematic and non-kinematic models of this paper. For the
rotation period interval of 10 to 30 days, our models (both
versions) show the linear increase of the dynamo period with
an increase of the rotational period. The slope of the linear
expression is about 0.36±0.03. Expressing the dynamo pe-
riod in days we find the linear slope is 136±13 which is
about factor 4 higher than the results of Oláh et al. (2009).
We find that for the linear branch of models in the interval
from 5 to 30 days the dynamo period depends on the am-
plitude of the magnetic buoyancy effect. In our models, we
include the default expression of the mean-field magnetic
buoyancy which follows from the results of Kitchatinov &
Pipin (1993). Pipin & Kosovichev (2016) studied the dif-
ferent types of kinematic dynamo models and found that
neglecting the magnetic buoyancy results in inversion of the
slope sign (see the set of the white crosses in Figure 13).
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Figure 11. a) The magnitude of the magnetic energy in upper part of convection zone and the Rossby number; b) the Poynting
luminosity variations (blue triangles) and the irradiance variations (red triangles) vs the Rossby number; c) the magnitude of the the
latitudinal shear at the surface vs the Rossby number; d) the same as c) for the magnitude of the mean large-scale magnetic helicity
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Figure 12. a) Relation of the large-scale helicity density with the mean energy of the surface large-scale toroidal magnetic field; b )
shows the same for the poloidal magnetic field.
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Figure 13. a) Relation of the dynamo period with stellar rotation period; b) shows the dependence on the Coriolis number. The red and
black crosses show the results of Brandenburg et al.(2017) (B17) for the sample of F and G-stars, the red crosses mark the "active" branch
and the red crosses mark the quiet branch; the green crosses mark results of Lehtinen et al.(2016) (L16) for the young solar-type stars; the
white triangles show the quasi-non-kinematic dynamo models of Pipin(2015); the white crosses show the results of the kinematic dynamo
model of Pipin & Kosovichev(2016) that neglect the magnetic buoyancy effect; the orange squares show the results of Warnecke(2018),
the white stars show the kinematic models of this paper and the black and red stars show the non-kinematic models, where the red stars
mark the long dynamo period. .
Such a slope is typical for the results of the flux-transport
models Jouve et al. (2010). The results of Warnecke (2018)
show about factor 2 larger slope than ours. His results fit
well into the “active” branch of stars from a sample of Bran-
denburg et al. (2017). Our models for the period of rotation
from 10 to 30 days fit approximately into the “quiet” branch
of the sample from Brandenburg et al. (2017).
For the stars rotating with a period less than 10 days,
we find a weak dependence of the main dynamo period on
the stellar rotation rate. Similarly to Warnecke (2018), it is
found that the decrease of the rotation period from 5 to 1
day results in a variation in the dynamo period from about
3 to 4 years. The models M1dn and M2dn show the non-
stationary variations of the magnetic cycle parameters with
strong cycle-to-cycle parity variations. In these models, we
find the cyclic patterns with periods that are much longer
than the main period determined by the near-surface dy-
namo waves. We find the long dynamo periods for about
12 and 16 years for models M1dn and M2dn respectively.
In Figure 13a, these points are in the cloud of the young
solar-type stars sample of Lehtinen et al. (2016).
Normalization of the dynamo cycle frequency to the
stellar rotation rate was found to be a good parameter to
distinguish between the “active” and “quiet” branches of the
magnetic activity Saar & Brandenburg (1999). Figure13b
show this parameter against the reverse Rossby number. In-
deed, the sample of F- and G-stars from Brandenburg et al.
(2017) shows the distinct branches of stellar activity, where
the “active” branch has longer periods. Similarly to War-
necke (2018), the set of our models fits well the sample of
Lehtinen et al. (2016). Viviani et al. (2018) found similar de-
pendence in global convection simulations non-axisymmetric
dynamo models. We see, that the branch of models, where
the dynamo period decreases with the increase of the rota-
tion rate (rotation periods between 30-10 days), is slightly
inclined from the direction of the abscissa axis. The slope is
opposite to that in the samples of Brandenburg et al. (2017)
and Warnecke (2018). This branch can be identified in the
kinematic dynamo models or in the full nonlinear models
when the effect of the magnetic field on the large-scale flow
is not strong. The models M8dn M5dn, M2dn, and M1dn
follows to results Lehtinen et al. (2016) both for the “short”
and long dynamo periods. Note, that the slope of this branch
agrees approximately with all models that show the increase
of the dynamo period with the increase of the rotation rate,
e.g., the sample of models from Pipin & Kosovichev (2016)
or results of Strugarek et al. (2017) (see, Warnecke (2018)).
In whole, the results presented in Figure13 are compatible
with the surveys of Olspert et al. (2018) and Boro Saikia, S.
et al. (2018).
4 DISCUSSION
In the paper, we explore the magnetic cycle parameters for
the solar-type star with a rotation period from 1 to 30 days.
For this study, we employ the non-kinematic mean-field dy-
namo models which take into account the effect of the mag-
netic activity on the angular momentum and heat trans-
port inside of the convection zone. The given model is fully
compatible with the solar dynamo model suggested recently
by Pipin & Kosovichev (2019) as the model of the solar
torsional oscillations. In our previous study Pipin (2015);
Pipin & Kosovichev (2016) we used the smaller interval
of the rotational periods. Also, that studies did not take
into account the effects of the meridional circulation nei-
ther in the advection of the large-scale magnetic field nor
in the angular momentum and heat transport in balk of the
convection zone. Despite the difference, both the previous
and the current studies consider the dynamo process dis-
tributed in the whole convection zone. In all the models the
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near-surface dynamo wave propagation patterns satisfy the
Parker-Yoshimura rule Yoshimura (1975). We find that the
efficiency of the large-scale dynamo grows with the increase
of the rotation rate. The equipartition strength of the large-
scale magnetic field for the star rotating with a period of
2 days is twice as high as the solar analog rotating with a
period of 25 days.
In the kinematic models, we find that the decrease of
the rotation below 10 days results in the increasing com-
plexity of the near-surface dynamo wave pattern. Near the
pole we find the wave propagating toward the equator. Fol-
lowing the Parker-Yoshimura rule, this is because of the
nearly radial angular velocity profiles and the positive (at
the North) α–effect in the main part of the convection zone.
The cylinder-like angular velocity profiles near the equator
cause the poleward propagation of the dynamo waves. The
dynamo period of the kinematic models increases with the
decrease of the rotation rate. This is compatible with the
results of studies exploring the chromospheric and photo-
metric variations of the solar-type stars Oláh et al. (2009);
Olspert et al. (2018); Boro Saikia, S. et al. (2018). Similar
results are suggested by the global simulations of Guerrero
et al. (2019). In our previous study, we find that this relation
can depend on details of the dynamo models. For example,
the distributed dynamo model with the standard angular ve-
locity and α-effect profiles (see, Pipin & Kosovichev (2016))
can show the inverse “period-period” relation in case if the
magnetic buoyancy effect is disregarded. Similar dependence
was found in flux-transport models of Jouve et al. (2010) and
global simulations of Strugarek et al. (2017). The kinematic
dynamo models do not show a clear sign of the magnetic
activity saturation with an increase in rotation rate.
The non-kinematic models show that saturation of the
magnetic activity is likely happens for the rotation period
less than 5 days. In general, this conclusion is in agreement
with observations, e.g., Wright & Drake (2016). Note, that
the partially- and fully-convective stars can show a difference
in parameters of the magnetic activity saturation Nizamov
et al. (2017). Therefore the validity of our conclusion can be
questioned for the general case of the non-axisymmetric dy-
namo, which becomes dominant for the fast-rotating solar-
type stars Viviani et al. (2018). The non-kinematic models in
the range of rotation periods longer than 10 days agree qual-
itatively with their kinematic analogs. In the model with a
rotation period of 10 days, we find the doubling of the mag-
netic cycle frequency. This model is likely to show the so-
lution for the marginal state. The marginal state is caused
by the re-organization of the large-scale flow which shows
the multiple meridional circulation cell in the bulk of the
convection zone. Interestingly, the model M10n shows the
mixed parity solution with the approximate energy equipar-
tition of the symmetric and antisymmetric about the solar
equator toroidal magnetic field. Such type of dynamo solu-
tion is often considered to be typical for the solar Grand
minima events Sokoloff & Nesme-Ribes (1994); Weiss & To-
bias (2016) . Moreover, the model M10n shows no variations
of the integral magnetic parameters FT and FS . Using only
the integral traces of the magnetic activity, the real star
with such type dynamo evolution is likely to be identified as
a star in a Maunder minimum state Baliunas et al. (1995).
The mean unsigned flux of the large-scale toroidal magnetic
field in the model M10n is about 3·1024 Mx which higher
than mean FT in the models M15n and M25n. Schrijver &
Harvey (1984) found that the total magnetic flux observed
in the solar cycle can be an order of 1024. This flux includes
both the large- and small scales magnetic fields.
The non-kinematic models show a transition from the
state with one cell per hemisphere to the state with the mul-
tiple meridional circulation cells. Note, that the number of
the meridional cells in the solar convection zone is still under
debate Zhao et al. (2013); Rajaguru & Antia (2015); Böning
et al. (2017). Here we deliberately use the reference model
with one meridional cell per hemisphere. The break of the
global circulation cell causes a number of consequences for
the dynamo wave propagation and evolution of the radial
magnetic field on the surface. For example, in the model
M10n, it causes the weakening of the toroidal magnetic field
near the equator. Indeed, the toroidal magnetic field dynamo
waves propagating from the bottom of the convection zone
to the top are trapped near saddle type stationary point
of the meridional circulation, and the cylinder-like angular
velocity distribution blocks the dynamo wave propagation
toward the equator. For the fast rotating case, the differen-
tial rotation is suppressed and the direction of the merid-
ional circulation in the main part of the convection zone is
reversed in comparison to the solar case. This provides the
equatorward propagation of the toroidal magnetic field in
the models M1n and M2n. Also, the dynamo period in these
models is longer and the latitudinal scale of the toroidal
magnetic field is larger than in the models M5n, M8n, and
M10n.
The kinematic models show the monotonic decrease of
the dynamo period with the increase of the rotation rate.
The non-kinematic models show the decrease of the dy-
namo period in the range of the rotational periods from
30 to 15 days. This decrease is not as strong as found for
the “quiet” branch of F- and G- stars by Brandenburg et al.
(2017). Therefore the models show the inverse inclination
on the diagram of Figure 13b. Our previous results, Pipin
(2015), for the distributed dynamo model without the merid-
ional circulation show a better agreement with Brandenburg
et al. (2017). Note , that the extended analysis of the chro-
mospheric activity in cool stars by Boro Saikia, S. et al.
(2018) shows no clear distinction between active and quiet
branches. For the fast rotating case, the non-kinematic mod-
els, in contrast with their kinematic analogs, show no trend
in the primary dynamo period with an increase of the ro-
tation rate. The global convection simulations of Warnecke
(2018) do not show clear trend in this case as well. The
primary and secondary periods in the models for the range
of the rotational periods from 1 to 8 days agrees with the
findings from observations of the fast rotating solar analogs
Lehtinen et al. (2016).
We find that a study of the dynamo periods solely on
the base of the integral proxies of stellar magnetic activ-
ity can bias conclusions about the magnetic periodicity of
the solar-type stars. Using our results we can identify sev-
eral traps of such studies. Firstly, the mix of the magnetic
parity modes can result in variations of the integral param-
eters showing either a state of “Maunder minimum” or the
double dynamo frequency oscillations. Secondly, the strong
nonlinearity of the dynamo solution can cause variations of
the global activity parameters with the double frequency
Sokoloff et al. (2020), as well. In the solar case, the effect is
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not strong. However, it can bias the conclusion for the fast-
rotating solar analogs, which are expected to show a highly
nonlinear dynamo regime (cf., β -parameter in Tables1 and
2). Finally, in the nonlinear dynamo regimes, the integral pa-
rameters show the non-stationary evolution where the main
period of the time-latitude dynamo waves is hard to identify
as the primary dynamo period. The models M1n and M2n
show good examples of this type.
In our study, we investigated a few aspects of the obser-
vational trends of the magnetic variability of the solar-type
stars. Our discussion has been concentrated on the prop-
erties of the near-surface dynamo wave patterns and their
relation with the dynamics of the large-scale flow and vari-
ations of the integral proxies of the magnetic activity. We
did not touch numerous theoretical aspects of the magnetic
activity of the solar-type stars including changes in the mag-
netic field topology and the type of axial symmetry of the
large-scale magnetic field with the rotation rate of a star.
These and other interesting questions can be studied fur-
ther using the numerical simulations and the growing base
of stellar magnetic activity observations.
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